The objectives of this study were to compare the addition of different Stevia-based 38 sugar substitutes (S1-S3) with sucrose alone and sucrose + S1 on (a) humectant a w 39
Introduction

61
Sucrose is currently one of the main ingredients in the food industry and is especially 62 important in sweetened bakery products and confectionary for its preservation 63 characteristics and as an important source of energy, providing 394 kcal/100 g of 64 refined sugar. It preservation properties are to act as a humectant by reducing the 65 water activity (a w ) of bakery products as part of a hurdle technology strategy. 66
Intermediate bakery products have a relatively short shelf-life although this can be 67 
Commercially purified Stevia products 106
Three different commercially available products were bought from UK retail shops and 107 identified as S1, S2 and S3. The information on the product labels with regard to 108 weight, composition, manufacturer dosage guidelines and energy per 100 g was 109 recorded and are shown in Table 1 . 110 111 2.2. Determination of the water activity (a w ) of solutions of different sugars and 112 additives 113 RQ-Water solutions containing 5, 10, 20, 30, 40, 80 and 100 g/100ml of water were 114 prepared using the different Stevia products. Because at the higher concentrations, 115
Stevia products in water solutions were close to their maximum solubility, the 116 temperature was increased when required to allow complete dissolution. 
138
After baking, the tins were covered with sterilised cooking foil and transferred to a 139 laminar flow bench for further processing. The cooled cakes were cut into ≈4 mm thick 140 slices and placed in sterile 9 cm Petri plates. The cake slices were then exposed to 141 254nm UV light for 10 min in a Herolab CleneCab Plus (Herolab GmbH Laborgeräte, 142 Germany) to eliminate any surface contamination. The a w of the cake slices were 143 checked using an Aqualab 3TE instrument (Decagon). 144 145 Subsequently, all the treatments were equilibrated at 0.90 a w in order to carry out 146 fungal growth experiments. The cake slices in Petri plates were divided into 4 groups 147 and placed in plastic chambers together with two 500ml beakers containing a glycerol-148 water solution with an equilibrium relative humidity value identical to the a w 149 treatments (=0.90 a w ). Equilibration was achieved by incubating for 48 h. Appropriate 150 equilibration was confirmed using an Aqualab 3TE instrument and found to be within 151 ±0.02 of the target a w level. 152
Strains used in these studies and inoculation method 154
Fungal strains Aspergillus flavus (NRRL3357), Penicillium verrucosum (OTA11), 156
Eurotium amstelodami (IMI229971) and Fusarium graminearum (FgB (L1-2/2D) were 157 grown on Malt Extract Agar (MEA) for 10 days, except for the E. amstelodami strain 158 which was grown on MEA modified to 0.95 a w . From these cultures spores were 159 collected using 10 mL sterile saline solution containing 0.05% Tween 80 (Acros 160
Organics, USA) and rubbing the surface with a sterile glass rod in order to remove 161 conidia. The spore suspensions were counted using a haemocytometer (Fisher 162 Scientific, United Kingdom) and adjusted to 1x10 6 spores/ml and directly used to 163 inoculate the cake slices. Each cake slice was centrally inoculated with 3 μl of the spore 164 
Statistical analysis 185
The normality if the data sets was investigated using the Shapiro-Wilk test (α=0.05). 186
This was followed by Levene's test (α=0.05) to determine variance homogeneity. Due 187 to non-normality of the growth data, analysis was performed using non-parametric 188 tests for testing whether distributions across factor levels were centered at the same 189 location. Differences between independent groups at each temperature, using the 190 different stevia formulations, sucrose only and the sucrose-S1 mixture as factors Stevia treatments (S2 and S3). For this reason, there are more data points. For S1 the 210 solubility limit was very close to 100g/100mL of water. We observed that under these 211 conditions solubility was temperature-dependent and we had immediate 212 precipitation when the solution was cooled. However, product S1 was able to reduce 213 the a w from 1.00 to 0.871 whilst products S2 and S3 were able to only slightly reduce 214 a w to 0.986 and 0.987 a w , respectively. 215
In comparison to other common compounds used as ingredients in bakery products 217 (sucrose, glucose and glycerol) the S2 and S3 commercial Stevia products were 218 relatively ineffective in decreasing a w . However, S1 was able to do so. In addition, on 219 a weight/volume basis reductions were higher than those obtained with sucrose and 220
glucose. Among all compounds tested, glycerol was the most effective humectant 221 closely followed by S1 (see Figure 1) . 222 of all the treatments used with colonisation rates faster than for the other spoilage 237 fungi, especially A. flavus and P. verrucosum at 25 o C (p=0.0238 and p<0.001 238 respectively). Sucrose alone or sucrose + S1 was also effective at reducing relative 239 growth rates of this xerophilic species. A. flavus was also able to grow effectively, 240 regardless of treatment at 25 o C (p=0.062). However, at 20 o C it was inhibited by 241 sucrose alone, S1 and sucrose + S1 (p<0.0001). For P. verrucosum, while growth was 242 relatively slower, colonisation was observed for all the treatments at both 20 and 243 foods and beverages. It is nearly tasteless but is often described as being slightly 288 sweet. However, the density (g/volume) of both maltodextrin-bulked Stevia-based 289 products was very low, and if the manufacturer recommendations are followed (1 290 teaspoon is equivalent to 1 teaspoon of sucrose) only 1/10 of the weight is consumed. 291
This, coupled with the inability of maltodextrins to capture water are the reasons why 292 very little reduction of a w was observed when substituting sucrose with products S2 293 and S3 in the sponge cake studies. Overall, the lowest a w was obtained in the cake 294 where the mixture S1+Sucrose was used (0.852 a w ). This was just slightly lower than 295 when comparing with the sucrose-baked sponge cake. 296
297
The effect of different sponge cake treatments in terms of fungal colonisation and 298 shelf-life were subsequently standardised to maintain an 299 a w of 0.90 to eliminate any differences with regard to the original a w levels. This 300 allowed us to make comparisons of colonisation rates by the four different fungi. It 301 was clear that the use of Stevia products S2 and S3 supported the colonisation of the 302 sponge cake slices by all the species at both 20 and 25 o C. 303
304
With these products the spoilage fungi also had very short lag times prior to visible 305 growth suggesting rapid potential for contamination after baking of the product if 306 contaminated with spores of these species. The ability of maltodextrin to enhance 307 fungal growth on plants and potentially increase the amount of mycotoxins has been 308 raised by EFSA when assessing maltodextrin use as an insecticide (EFSA, 2013) . 309 Although some reports have described the ability of extracts from Stevia rebaudiana 310 (Bertoni) to control fungal growth and mycotoxins production (Garcia et al., 2012), wehave not observed this effect when using purified steviol glycosides. However, the 312 proportion of steviol glycosides present in the products used in this study ranged from 313 1-2%, which might be far lower than concentrations used in the trials by Garcia et al. 314
(2012) and this may explain their results. It may not be economic at higher 315 concentrations in terms of commercial use. However, fungal spoilage issues may not 316 have been considered when developing these products as substitutes for sucrose in 317 bakery products. 318
319
In the reference cake containing 100% sucrose was an excellent hurdle to inhibit and 320 control the initiation of growth of these spoilage fungi, especially E. amstelodami, A. 321 flavus and P. verrucosum. At the lower temperature it was able to completely inhibit 322 all the test species. However, S1 product was unable to stop growth of E. amstelodami 323 and P. verrucosum. The partial substitution of sugar made the cake more susceptible 324 to fungal spoilage. Only the F. graminearum strain used was completely inhibited by 325 this product at both temperatures. 326
327
The shelf-life time prior to initiation of microscopic or visible moulding is critical for 328 bakery products. Sucrose and the S1 product, which included eryhtritol as a bulking 329 agent, were effective in controlling initiation of growth for up to 30 days. However, S2 330 and S3 were much less effective with very short shelf-lifes prior to visible spoilage 331 becoming visible. This would suggest that unless combined with a range of other 332 hurdles such as preservatives or modified atmosphere packaging, products using 333 these two sugar substitutes would be prone to rapid fungal spoilage (Guenot et al., 
